Liquidambar formosana (Hamamelidaceae) is a relatively fast-growing deciduous tree of high ornamental value that is indigenous to China. However, few molecular markers are available for the species or its close relatives; this has hindered genomic and genetic studies. Here, we develop a series of transferable expressed sequence tag-simple sequence repeats (EST-SSRs) for genomic analysis of L. formosana. We downloaded the sequence of the L. formosana transcriptome from the National Center of Biotechnology Information Database and identified SSR loci in the Unigene library. We found 3284 EST-SSRs by mining 34,491 assembled unigenes. We synthesized 100 random primer pairs for validation of eight L. formosana individuals; of the 100 pairs, 32 were polymorphic. We successfully transferred 12 EST-SSR markers across three related Liquidambar species; the markers exhibited excellent cross-species transferability and will facilitate genetic studies and breeding of Liquidambar. A total of 72 clones of three Liquidambar species were uniquely divided into three main clusters; principal coordinate analysis (PCoA) supported this division. Additionally, a set of 20 SSR markers that did not exhibit nonspecific amplification were used to genotype more than 53 L. formosana trees. The mean number of alleles (Na) was 5.75 and the average polymorphism information content (PIC) was 0.578, which was higher than that of the natural L. formosana population (0.390). In other words, the genetic diversity of the plus L. formosana population increased, but excellent phenotypic features were maintained. The primers will be valuable for genomic mapping, germplasm characterization, gene tagging, and further genetic studies. Analyses of genetic diversity in L. formosana will provide a basis for efficient application of genetic materials and rational management of L. formosana breeding programs.
designed using highly conserved transcriptome data [23, 24] . For estimation of genetic advantage, EST-SSRs have been developed for many trees and crops (including Gossypium, Populus, and the Leguminosae) [25] [26] [27] ; these have been used to create high-quality genetic maps, to perform comparative genomic studies, and to facilitate MAS. For L. formosana, the 14 currently available EST-SSRs pairs are inadequate for detailed genetic research [18] . Consequently, a set of polymorphic EST-SSR markers for L. formosana based on transcriptome data is urgently needed.
Here, we obtained transcriptome data from the National Center of Biotechnology Information, generated unigenes, and identified many useful EST-SSRs for L. formosana. We created a new series of EST-SSR markers and tested their cross-species transferability among Liquidambar species. We used the original EST-SSR markers to investigate the genetic diversity of plus L. formosana trees in Henan Province. The new EST-SSR markers will serve as valuable molecular tools for further genetic and breeding research on L. formosana and related species. Analysis of genetic diversity will provide significant information on the plus L. formosana population. Evaluation of genetic variation after selection could underpin efficient management and selection of hybrid parents among Liquidambar species.
Materials and Methods

Plant Materials
On Jigong Mountain (Xinyang, Henan Province, China, 41°56′ N, 117°45′ E), we selected branches from 60 plus L. formosana trees and hydroponically cultured them in the greenhouse of Beijing Forestry University (Haidian District, Beijing, P.R. China; 39°95′ N, 116°30′ E). In the selection process, the candidate plus tree are selected as the center, and within the radius of 10-25m, three plus trees rank only second to the candidate plus tree are selected. The height, diameter at breast height (DBH) and under branch height of the candidate plus tree should be greater than 105%, 120％ and 110％ of the average values of the three plus trees. In addition, the candidate plus trees should reach the mature stage, with large amount of flowering and fruit bearing, which is also required the trunk is straight, with obvious apical dominance. No plant diseases or insect pests. Finally, tender leaves of 53 individuals were collected and stored at −80 °C prior to DNA extraction due to some samples died during hydroponics. During primer screening, two individuals of L. formosana were randomly selected to detect amplification, and eight were used to detect EST-SSR polymorphisms. To test crossspecies transferability, six L. styraciflua were collected from Shanghai Chenshan Botanical Garden (Songjiang District, Shanghai, China, 31°03′ N, 121°22′ E); 13 hybrid sweetgum (L. styraciflua × L. formosana) obtained via hybridization [28] were used to test SSR transferability. The L. formosana and L. styraciflua were native population while hybrid sweetgum was from cultivated population. In total, 72 sampled Liquidambar trees were used and details for the 72 individuals can be obtained from supplementary table S1.
Transcriptome Assembly, SSR Mining, and Primer Design
The sequence of the L. formosana transcriptome was downloaded from https://www.ncbi.nlm.nih.gov/ (accession numbers SRR1514949 and SRR1514913) [29] ; the sequences were assembled and SSR loci were identified in the Unigene library using MISA (MIcroSAtellite identification tool, http://pgrc.ipk-gatersleben.de/misa/). The search criteria were as follows: minimum repetitions of di-, tri-, tetra-, penta-, and hexa-nucleotides of nine, six, five, five, and four respectively (the SSR search criteria did not include single-nucleotide repetitions). Primer3 software [30] was used to design the EST-SSR primers after excluding fragments with inappropriate or excessively short flanking sequences. To avoid hairpin formation and mispairing, the primers with the highest scores were selected and stored in a primer library. The specific primer design parameters were as follows: (1) length, 18 to 22 bp; (2) annealing temperature, 58 to 61 °C (optimum, 60 °C); (3) GC content, 40 to 60%; and (4) expected PCR product length, 150 to 300 bp.
DNA Extraction, PCR Amplification, and Detection of Polymorphisms
Total genomic DNA was extracted using a modified cetyltrimethylammonium bromide method [31] , and yields were determined with the aid of a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). DNA was diluted to 50-100 ng/μL and DNA quality was evaluated via 0.8% (w/v) agarose gel electrophoresis prior to subsequent analysis. The PCR amplifications afforded by 100 synthetic primers in eight randomly selected L. formosana were evaluated prior to further genetic research. Each reaction mixture (20 μL) contained 2 μL template DNA (50-100 ng/μL), 10 μL 2× TaqMaster Mix (Biomed-Tech, Beijing, China), and 4 μL of primer solution (volume ratio of forward:reverse primers 1:4). We ensured that the fragments created using mixed primers were long, to guarantee that detection via fluorescent capillary electrophoresis (the next step) was not compromised by unwanted fluorescent signals. The PCR conditions were as follows: 95 °C for 5 min, followed by 30 cycles at 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 30 s, 8 cycles at 94 °C for 30 s, 54 °C for 30 s, 72 °C for 30 s, and a final extension at 72 °C for 10 min. The amplified products were subjected to 2% (w/v) agarose gel electrophoresis. EST-SSR primers that yielded clear bands were employed for wholesale genotyping, and for analysis of genetic diversity and cross-species transferability, using M13 technology [32] with fluorescent labels (FAM, HEX, TAMRA, and ROX), and same dye always used with each locus. The sequence of m13 was TGTAAAACGACGGCCAGT. The PCR products were analyzed using a capillary-based ABI 3730XL DNA Analyzer, and amplicon sizes were measured by a Gene Mapper (Applied Biosystems, Foster City, CA, USA).
Genetic Diversity of Plus Trees of L. Formosana, and Statistical Analysis
Of the 32 pairs of polymorphic primers developed, 16 pairs that did not show non-specific amplification were selected. Additionally, the four SSR pairs developed by Sun et al. [18] were employed; these exhibited high-level capacity to detect polymorphisms and were well-amplified. A total of 20 SSRs were thus used for PCR amplification of 53 plus L. formosana individuals. All fluorescent capillary electrophoresis data were recorded in Microsoft Excel 2007 (Microsoft Corp., Redmond, WA, USA). Convert software (ver. 1.3) [33] was used to transform the data into formats that could be analyzed by other biological software. POPGENE (ver. 1.3.2) [34] was employed to estimate genetic parameters, such as the number of alleles (Na), effective allele number (Ne), Shannon information index (I), observed heterozygosity (Ho), and expected heterozygosity (He) . Each locus was subjected to Hardy-Weinberg equilibrium (HWE) testing using POPGENE (ver. 1.32) and the chi-squared test. The polymorphism information content (PIC) of each locus was calculated using Pic_Calc (ver. 0.6) [35] . The population genetic structures of three Liquidambar species were analyzed by Structure software (ver. 2.3.3) and the true value of clusters (K) were harvested using log probability of data according to the method of G. , when delta K is maximum, the k value is suitable for numbers of groups [36] running a mixed model. PowerMarker (ver. 3.25) [37] was employed to calculate the relationship between any two clones based on the Nei genetic distance, and principal component analysis (PCA) was performed using GenALEx software (ver. 6.2) [38] .
Results
The Frequency and Distribution of SSR Loci
Unprocessed data obtained via high-throughput sequencing were pre-processed and redundant low-quality sequences were removed. Finally, a total of 34,491 unigenes were defined in the L. formosana transcriptome, with an average length 699 bp. SSR loci were then searched for in MISA. Table 1 showed that the total sequence length was 24,122,122 bp; 3284 SSR loci were found (frequency, 9%). On average, one SSR locus was seen every 7.3 kb. Of these, 298 unigene loci containing more than one SSR locus accounted for 10% of the total, and 109 complex SSR loci constituted 3% of the total. As high-throughput transcriptome sequences sometimes contain errors, we did not consider single-nucleotide SSR sites. Table 2 shows that the remaining 2742 SSR loci included five SSR repeat motifs (di-, tri-, tetra-, penta-. and hexa-nucleotide repeats), of which the principal type was the dinucleotide (52.56%), followed by the trinucleotide (33.80%). The most abundant SSR loci contained six serial repeats (16.67% of all SSR loci), followed by loci with nine repeats (15.50%). Of the dinucleotide repeats, AG/CT exhibited the highest frequency ( Figure 1 ) (92.51%), followed by AC/GT (5.27%) and AT/AT (2.22%). Of the trinucleotide repeats, AAG/CTT was the most abundant (31.18%), followed by ACC/GGT (20.50%) and AGC/CTG (13.48%). Of the tetranucleotide repeats, AAAT/ATTT exhibited the highest frequency (29.69%), followed by AAAG/CTTT (25.00%) and ACAT/ATGT (9.38%). Of the pentanucleotide repeats, AAAAG/CTTTT was the most common (17.24%), followed by AAGAG/CTCTTand AAAGG/CCTTT (each, 10.34%). The frequency of the hexanucleotide repeat AGAGGG/CCCTCT was 6.76%. 
Synthesis, Screening, and Polymorphisms of EST-SSR Primers
Primer software (ver. 3.0) was used to design 2742 SSR loci; some loci were unusable because the flanking sequences were inadequate or they did not meet primer design standards. We finally selected 100 pairs of synthetic primers. The amplifications obtained were preliminarily screened using two randomly selected individual DNAs of L. formosana. Seventy-two pairs of primers yielding amplified bands were selected (effective amplification rate, 72%). Eight randomly selected DNA samples of L. formosana were amplified by PCR and products were detected via fluorescence capillary electrophoresis; 32 pairs of polymorphic primers (32%) were found. The information afforded by each pair is shown in Table 3 . The polymorphisms amplified by primer pair Liq_eSSR10, Liq_eSSR17 and Liq_eSSR59 in L. formosana samples are selected randomly to discuss here ( Figure 2 ). 
Genetic Diversity of Plus Trees of L. Formosana
A total of 115 alleles (Na) from 20 SSR loci were amplified from 53 individuals of L. formosana. The number of Liq_eSSR35 alleles was highest (13) , while the numbers of Liq_eSSR17 and Liq_eSSR34 alleles were lowest (3). An average of 5.75 alleles were amplified from each locus; 3.16 effective alleles (Ne) were amplified from 20 SSR loci; the maximum number (Liq_eSSR35) was 8.87 and the minimum number (Liq_eSSR34) 1.28. The average number of effective alleles/locus was 3.17 ( Table  4 ). The Shannon diversity index (I) was highest at Liq_eSSR35 (2.317); the average value was 1.250. The observed heterozygosity (Ho) and expected heterozygosity (He) were highest for Liq_eSSR35 (0.978 and 0.887, respectively). The average Ho was 0.653 and the average He was 0.621. PIC is useful for measuring SSR locus polymorphisms, reflecting whether a locus can distinguish among populations. If the PIC is > 0.5, the locus is highly polymorphic; if it is between 0.25 and 0.5, it is moderately polymorphic; and if it is < 0.25, it is poorly polymorphic; the average PIC was 0.578. We analyzed plus L. formosana trees; the PIC of each locus reflected the genetic diversity. The average PIC was 0.578, significantly higher than the average PIC (0.309) of a natural population of L. formosana. Thus, the genetic diversity of the dominant population did not decrease; in fact, it increased, although phenotypic dominance was maintained. In the HWE test, five SSR loci (Liq_eSSR33, Liq_eSSR35, Liq_eSSR7, Liq_eSSR90, and Liq_eSSR25) deviated significantly from equilibrium (P<0.05); all exhibited heterozygote overabundance (Table 4) . 5 Shannon's information index, 6 PIC polymorphism information content, 7 Chisquared tests for Hardy-Weinberg equilibrium, ns not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, 8 EST-SSR markers were selected from previous study [6] .
Cross-Transferability of EST-SSR Primers
Twenty EST-SSR primers were further tested in two related Liquidambar species; L. styraciflua (N = 6) and hybrid sweetgum (N = 13). Na and PIC were evaluated to measure the cross-transferability of the 20 primer pairs ( Table 5. ). Nineteen of the 20 primer pairs showed amplification in hybrid sweetgum (95%), as did 20 pairs in L. styraciflua (100%); five pairs showed monomorphic amplification. 12 primer pairs of the newly developed EST-SSRs in this study presented highly polymorphism among the two related species, with average PIC values 0.502 in hybrid sweetgum and 0.452 in L. styraciflua; average Na 3.89 in hybrid sweetgum and 0.452 in L. styraciflua. Thus, these primers could be used to analyze other species of Liquidambar. 1 Observed numbers of alleles, 2 polymorphsim information content, 3 polymorphism was expressed as ++, monomorphism as +, and absence of primer amplification as -, 4 12 pairs of original EST-SSR markers with high level of polymorphism in two Liquidambar species.
Population Genetic Structure Analysis, Cluster Analysis, and PCA of Three Species of Liquidambar
STRUCTURE software (ver. 2.3.
3) was used to analyze genetic structure of 72 individuals of three species of Liquidambar. According to Evanno, the maximum K represents the optimal number of clusters and K = 2 was the largest value; the Liquidambar individuals should thus be divided into two groups (Figure 3 ). 72 individuals were divided into two main gene pools. Here, the male parent of the hybrid sweetgum was L. formosana (more red) and the female parent was L. styraciflua (more green). As the proportion of green in the hybrid sweetgum was much higher than that of red, the hybrid was grouped with L. styraciflua. Cluster analysis based on the neighbour-joining (NJ) method was established to demonstrate the relationships between 72 individuals of three species of Liquidambar; L. formosana was clearly clustered apart from hybrid sweetgum and L. styraciflua, when we focused on hybrid sweetgum and L. styraciflua, cluster analysis can clearly separate L. styraciflua from hybrid sweetgum. (Figure 4 ). L. styraciflua and hybrid sweetgum were closely related, confirming the results of the genetic structure analysis. PCoA analysis demonstrated the dispersion of the three Liquidambar species through a two-dimensional scatter plot, which divided the 72 individuals into three groups, In particular, L. formosana was well-grouped and the closer relationship between hybrid sweetgum and L. styraciflua was proved as well. The results ( Figure 5 ) showed that coordinates 1 differentiate Group I from Group II and Group III and explained for 41.22％ of the total variation. Coordinates 2 differentiate Group II from Group III and accounted 15.63％ of the total variation. The results were in agreement with those of cluster analysis and population genetic structure analysis. 
Discussion
L. formosana is highly adaptable, grows rapidly in forests, exhibits a straight trunk and wide crown, and is economically, ecologically, and medically valuable; thus, it is a genuine "multi-purpose tree" [1, 2] . However, molecular genetic data are lacking for L. formosana because the molecular tools required are not available. SSRs are efficient genetic markers widely used for MAS, distinguishing among tree varieties, constructing genetic atlases, and researching genetic diversity [21] . The development of SSR markers based on transcriptome sequencing is one of the currently recognized efficient methods [24, 39] , which provides an effective way to alleviate the shortage of SSR markers available in Liquidambar. In previous study, however, only 14 EST-SSR markers [18] were developed for this economic tree species and thus the identification of more co-dominant polymorphic EST-SSR markers with transferable ability from transcriptome would aid genetic improvement of the tree and knowledge transfer to other Liquidambar species. Here, we identified 3284 putative SSRs from 2949 unigenes of the transcriptome. The SSR locus frequency was 1/7.3 kb, lower than that of Camellia sinensis (1/4.99 kb) [40] but much higher than those of Pinus dabeshanensis (1/23.08 kb) [41] and Larix principis-rupprechtii (1/26.8 kb) [42] . The predominant repeat type was the dinucleotide (52.56%), as was true for Robinia pseudoacacia L. [43] , Populus tomentosa [44] , and Hevea brasiliensis [45] , but not Persea americana Mill [46] and Dalbergia odorifera T. Chen. [47] . The numbers and SSR motif types vary among species. Of the dinucleotide repeats, AG/CT units predominated; of the trinucleotide repeats, AAG/CTT was dominant. Differences among studies may be attributable to disparities in genomal structure, the methods used, the parameters selected, and dataset size.
We used 100 primer pairs, selected randomly from a multitude of primer pairs identified via transcriptome analysis, to evaluate the quality and effectiveness of the new EST-SSR markers. Seventy-two primer pairs (72%) generated clear bands from L. formosana genomic DNA; the amplification rate was significantly higher than that of the SSR markers of the transcriptomes of Robinia (25%) [48] and Taxodium 'zhongshansa' (51.1%) [49] . Eighteen primer pairs did not yield amplicons, despite adjustment for annealing temperature. Sequencing errors may have been a factor, and primers for protein binding sites may have been unable to bind to their templates [50] . Of the 100 primer pairs tested, 32 (32%) amplified EST-SSR markers exhibiting high-level polymorphism; this proportion is much higher than that of Neolitsea sericea (9.9%) [51] , perhaps reflecting the complexity of genome structure and the level of species diversity [52] . We estimated the genetic diversity parameters of 53 L. formosana specimens at 20 loci. The PICs of the 16 new EST-SSR markers ranged from 0.21 to 0.87; 12 markers were highly polymorphic (PIC > 0.5). The PICs reflecting moderate polymorphism (0.2 < PIC < 0.5) were in the order Liq_eSSR35, Liq_eSSR86, Liq_eSSR67, Liq_eSSR90, Liq_eSSR98, Liq_eSSR25, Liq_eSSR10, Liq_eSSR30, Liq_eSSR33, Liq_eSSR62, Liq_eSSR60, Liq_eSSR59; Liq_eSSR17, Liq_eSSR55, and Liq_eSSR7; Liq_eSSR33 was minimally polymorphic (PIC < 0.25) [53] . The average PIC (0.585) was higher than that of a previous study on L. formosana [18] . The PIC is affected by all of SSR numbers, the test method used, and SSR motif repeats [54] . As high-level polymorphism is not the only determinant of primer quality, the stability and cross-species transferability of SSR markers were also important resources for genetic analysis. Therefore, we also evaluated the genetic relationships among 72 trees of three Liquidambar species; the new EST-SSR markers clearly divided Liquidambar into three major clusters. Thus, the markers effectively identified Liquidambar species, as confirmed by PCA and genetic structural analysis. The 16 original EST-SSR markers were transferable to L. styraciflua and hybrid sweetgum; 15 primer pairs yielded clear bands in the two related species and the transferability rate was 93.75%. This is because EST-SSR markers exhibit high transferability between genetically related species, generally. [55] . Thus, our innovative EST-SSR markers showed high-level polymorphism and can be used in genetic studies of L. formosana and related species for interspecific hybrids, comparative mapping analysis, and phylogenetic relationships among species.
Evaluation of genetic diversity is a core issue in forestry. Knowledge of such diversity allows us to better understand adaptation to environmental changes and the evolution of specific species, thus facilitating species protection. Genetic diversity is reflected both phenotypically and at the molecular level. Analysis of such diversity using molecular markers provides insight into the genetic background [56] . We evaluated the genetic diversity of a plus L. formosana population of Henan Province using 20 polymorphic EST-SSR markers. The mean Ho was 0.653, the mean He was 0.621, and the mean PIC was 0.578. Compared to the diversity of a natural L. formosana population [18] , we found, surprisingly, that the plus population exhibited greater genetic diversity even after selection. The potential reason may be due to different primers or the influence of selection. The study of superior trees allows us to understand production potential, determine selection criteria, and plan breeding strategies [14] . Heterosis was clearly a factor during interspecific hybridization of Liquidambar species [57] . Therefore, the plus L. formosana population exhibiting abundant genetic variation and a superior phenotype is an ideal hybridization parent, thereby providing valuable materials for further genetic improvement of Liquidambar species.
Cluster analysis and principal component analysis (PCA) clearly divided the three species of Liquidambar into three categories according to the species classification standard, although previous studies showed that the genetic relationship between L. formosana and L. styraciflua was relatively close. The results also showed the high efficiency of our original primer. The results of genetic structure analysis showed that the three Liquidambar species were divided into two main gene pools, the first gene pool (red) was mainly composed of L. formosana, the second gene pool (green) was mainly composed of L. styraciflua, while the hybrid sweetgum contained two gene pools, which indicated that the genetic composition of hybrid sweetgum was affected by both male and female parent, and hybrid sweetgum had a closer relationship with L. styraciflua. [58] .
Conclusions
We used transcriptome data to develop novel EST-SSR markers exhibiting high-level crossspecies transferability. These markers will serve as powerful molecular tools for evaluation of genetic diversity, MAS, and gene map construction, and for use in genetic studies. The genetic diversity of the plus L. formosana population will guide the creation of second-generation plus L. formosana trees, and improve L. formosana breeding programs. S.C.; writing-review and editing, J.Z (Jian Zhao), Y.Z, M.D. All authors have read and agreed to the published version of the manuscript.
